Understanding the distribution of soil properties with respect to sample size is essential for designing efficient soil sampling strategies.
S
OILS are commonly sampled with the purpose of measuring biological, chemical, or physical properties of the soil. Soil properties naturally vary in space and time due to soil formation processes, climate, crop growth, and tillage practices. Variation may also be due to under sampling, sample handling, and analyses. Many questions related to soil sampling have been studied and have been summarily presented (Cline, 1944; Peterson and Calvin, 1986; Sabbe and Marx, 1987) . The size (area and volume) of the soil sample may be especially important for soil parameters that can undergo rapid transformations, and are dependent on local conditions (denitrification, nitrification, and plant growth). Classical statistics indicates that sample variance should decrease as sample support size increases. Where sample results are spatially interdependent, Zhang et al. (1990) have shown that sample variance and sample support size can be related to the variogram function. Yet the relationship of the physical size of the sample to various statistical parameters (mean, variance, and frequency distribution) and how these may vary with tune or under different cultural practices is not adequately understood.
Although there have been several studies on the number of observations required to estimate the mean and variance of soil parameters (Bole and Pittman, 1976; Cameron et al., 1971; Keogh and Maples, 1967) , only a few have related various measured soil parameters to sample size. Hassan et al. (1983) studied Cl leaching by collecting 18 soil cores of 2.1-and 7.9-cm-diam. each. They observed higher recoveries, and greater variation, among data sets from the smaller diameter samples. In a similar study, Rice and Bowman (1988) found spatial variability to have a greater effect than sample size. Baker et al. (1989) collected 35 samples for each of four different sample sizes (1.9-20.3-cm-diam. cores) and observed a small sample size effect with samples from conventional-till sites but not from no-till sites. They concluded that a 5.1-cm-diam. soil core was best for predicting residual soil NC-3-N. Parkin et al. (1987) collected 36 samples for each of six sample sizes. They found that sample diameters >4.15 cm provided the most reliable estimates of denitrification rates and estimated that 10 to 15 kg of soil was necessary to obtain a representative soil mass for estimating natural denitrification rates. In the same experiment, Starr et al. (1992) reported that the samples of diameters <2.15 cm often did not allow accurate estimation of the spatial variation of soil NO 3 . The purpose of this study was to evaluate the influence of sample size on the sample mean and variance of: bulk density (pt,), water content, pH, denitrification rate, and NO 3 -N and orthophosphate P concentrations.
MATERIALS AND METHODS
Field Site and Sampling Samples were collected from a Beltsville silt loam soil site located on the University of Maryland Plant Research Farm, Beltsville, MD. The soil at this site had no visual indications of heterogeneity, such as cracks, color variations, worm holes, buried crop residues, etc. Previous history at the site was 12 yr of continuous corn. Tillage treatments were no-tillage culture (NT) except fall disking, and conventional plow tillage (PT). Fertilizer N was spread by hand on both tillage treatments in April at the rate of 168 kg N ha~' of NHtNOs. The PT area was plowed at the end of May, and both tillage treatments were planted to corn in 76-cm rows in early June.
Two tillage treatments and four sampling times were included to provide a range of field conditions for the same soil series and location. Any surface residues, especially in NT, were brushed aside before soil sampling and were not included in the sample. Four sampling times were studied (Table 1) to increase the opportunity for biological factors (mineralization, nitrification, and plant growth) to influence soil parameters. Therefore, the tillage treatments and times of sample collection were used to broaden the scope of this research.
Soil samples were collected from 36 experimental blocks (20 by 30 cm) at each of four dates (designated as experiments), using close-(Exp. 1 and 2) or wide-block (Exp. 3 and 4) spacing patterns (Table 1 ). In the first two sampling times (before planting corn), the 36 blocks were placed direcdy adjacent to each other in a six by six grid for a total sampling area of 2.16 m 2 as shown in Fig. 1 . In the two summer experiments, the 36 blocks were placed between corn rows on 76-cm centers in a six by six grid for Exp. 3 and a three by 12 grid for Exp. 4. This sampling design allowed random sampling within the blocks, as described below, and the capacity to assess spatial dependency.
Abbreviations: NT, no-tillage; PT, conventional plow tillage; BW, BoxWhisker; CV, coefficient of variation. Before going to the field, the five sizes of soil cores were randomly assigned to each of the six positions within each 20 by 30 cm block (Fig. 1) . The five soil cores ranged from 1.73 to 5.4 cm in diameter (Table 2 ). Cores were obtained by pounding soil sampling tubes of five different diameters 16 cm into the ground. The intact soil cores contained within the steel sampling tubes were transferred into plastic tubes and stoppered. After the five cores were removed from the block, sample size F was obtained by removing all the remaining soil within the 20 by 30 by 16 cm block using a rectangular steel frame driven 16 cm into the soil. This sampling protocol produced a total of 216 soil samples (36 of each of six sample sizes) for each experiment.
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The soil remaining in the large blocks after removing the five soil cores (sample size F) was sieved through a 0.5-cm mesh screen and stored at 4°C overnight. The length and wet weight of each soil core was immediately measured for calculating soil water content and p b . The core samples were then incubated at 24 to 26°C for 18 h for in situ denitrification rates, which were estimated by adding acetylene and measuring N2O production (Parkin et al., 1987) . The maximum amount of N removed by the denitrification studies, 0.23 mg kg"' soil, was about equal to the detection limits for NOs-N. Loss of soil water during the denitrification studies would have been negligible since the soil remained in sealed tubes and only 3 to 5 mL of gas sample was removed for analysis. The soil from each core was then sieved (0.5-cm mesh), mixed, and subsampled for NO 3 -N and orthophosphate P concentrations (on a soil mass basis), gravimetric water content, and pH. Ten grams of soil were extracted with 20 mL of 2 M KC1 and analyzed for NO 3 -N on a Technicon Auto Analyzer 1 Trade names are used in this publication to provide specific information. Mention of a trade name does not constitute a guarantee or warranty of the product or equipment by the USDA nor an endorsement over other similar products. (Technicon Industrial Systems, Tarrytown, NY) using the Cd reduction method (Keeney and Nelson, 1982) . The pH of each sample was measured on a soil slurry consisting of 12 g of field-moist soil and 8 mL of distilled water after the slurry had been stirred and allowed to stand for 10 min. Water content was measured gravimetrically by oven drying about 15 g of soil at 105°C. Plant-available P, identified as orthophosphate P, was measured by the Mehlich (Mehlich, 1978) method.
In the first two experiments, the sampling procedure resulted in all the soil from the two 1.2 by 1.8 m sampling areas being removed to a depth of 16 cm. Thus, the population means for the 2.2-m 2 areas of Exp. 1 and 2 could be determined exactly for pH, water content, P, and NO 3 -N from the weighted mean of the 216 samples. The population mean could also be closely approximated by the mean of the block samples (size F) for these two experiments.
Statistical and Analytical Methods
Initial exploratory data analysis using Box-Whisker (BW) plots were constructed with Stanford Graphics software (Visual Numerics, Houston, TX). These BW plots showed sample locations (median and mean) and spread of the data in terms of the middle half of the data (25th-75th percentiles, called M50), the middle 80% of the data (10th-90th percentiles), and the middle 90% of the data (5th-95th percentiles, referred to as M90). The relative spreads of M90 and M50, designated RS90 and RS50, were also calculated, e.g., RS90 = 100(M90)/ mean. Since the M50 is quite robust relative to outliers, the ratio M90/M50 was used as another indicator of relative skewness of the data.
The sample mean, variance, and CV were calculated using both the method of moments and the uniformly minimum variance unbiased estimator method of Finney (1941) . The uniformly minimum variance unbiased estimator has greater accuracy and less bias than either the method of moments or the maximum likelihood method for lognormally distributed data (Parkin et al., 1988) .
Test of location for the untransformed means was done by comparing overlap of upper and lower 5% confidence limits for sample means (90% confidence windows). Land's (1971) method for computing confidence intervals was used to provide exact confidence intervals for lognormally distributed data (Parkin et al., 1990) . Note that the use of nonoverlapping upper and lower confidence limits with a = 0.1 is analogous to analysis of variance at P = 0.01 (Jones, 1984) . Similar results were reported by Parkin (1993) , who found that actual Type 1 error rates ranged from 0.005 to 0.02 when comparing samples from lognormal populations by the overlap of 90% confidence intervals. The two-sample Kolmogorov-Smirnov Table 3 . Goodness-of-fit for six parameters for the four experiments (Exp.) and six sample size classes.
Soil parameter
Exp. goodness-of-fit test (Daniel, 1978) was used for all pair combinations to determine if two independent sample batches came from similar populations with respect to location and dispersion. This test is sensitive to distribution differences of all types (location, dispersion, and skewness) that may exist between two distributions. Analysis of spatially dependent variability was performed using semivariograms (Journel and Huijbregts, 1978) constructed with computer programs from Gamma Design Software (Plainwell, MI), but not presented here.
RESULTS

Goodness-of-Fit
The two-sample Kolmogorov-Smirnov goodness-offit test (Table 3) produced different results for different soil parameters and experiments. In Exp. 1, one or more of the subsets of data for different sample sizes were from different populations (P = 0.05) for each soil parameter except P. A general characteristic for all the parameters measured is that similar sized samples were not significantly different. Where two or more different populations were indicated, usually the smallest or the largest sample size (size A or size F) was part of the significantly different population. For example, this test suggested that the soil water content data of sizes A and F in Exp. 2 were from different populations. For all six soil parameters, size A or B was identified as coming from different populations than the larger sizes in nine of the 22 data sets. Thus, smaller sample sizes tended to give somewhat different distributions than larger sizes, but these differences were not consistent within soil parameters across the four experiments.
Exploratory Data Analysis
An overview of the spread of the data for all soil parameters is summarized in the BW plots of Fig. 2 . The symmetry of these BW plots about the median shows the comparative skewness for each soil parameter in relation to sample size for each of the four experiments. The asymmetry of the denitrification rates and NO 3 -N (especially Exp. 4) data were much greater than that of the other four soil parameters. The mean is generally greater than the median for both NO 3 -N and denitrification rate (a common indicator of a lognormal distribution). The other four soil parameters show no consistent relation between the mean and the median. Denitrification rates and NO 3 -N were previously shown to be lognormally distributed by histogram analysis (Parkin et al., 1987; Starr et al., 1992) .
The effect of sample size on the distribution locations (mean and median) and spread of the data (Fig. 2) varied with the experiment and the soil parameter. Soil pH, water content, pb, and P concentration generally exhibited a weak asymmetry in spread of observations, but the magnitude and occasionally the direction of that asymmetry was not consistent. For example, about 20% of the data sets for pH, water, and Pb showed some negative skewness, while about half of the same data sets showed some positive skewness. The BW plots for soil pH and P content showed little effect of sample size, except for a general rise in the 5th to 50th percentile values of P for sizes A to C in Exp. 4. Water and Pb generally exhibited a lower median, and a wider spread of observations for sizes A and B than those from larger sample sizes in all four experiments. The two smaller sizes for p b often had very low values, relative to the mean, resulting in much lower 5th and 10th percentile values (Fig. 2) . Two of the water contents (size C in Exp. 2 and size A in Exp. 3) also had several low values, resulting in elongated 5-and 10-percentile tails. Size A of NOs-N generally had a wider spread of data with more skewness than did the next larger sample sizes. In contrast, denitrification rates generally had an opposite trend from that shown by the other soil parameters, i.e., the percentile spreads for denitrification usually increased with increasing sample size. At least one sample size in each of the denitrification measurements had a few observations that were very large compared with the mean, resulting in large 90th and 95th percentiles (e.g., Exp. 1, size D and Exp. 2, size B). The comparative magnitude of soil parameter asymmetry was in the order: denitrification rates > NO 3 -N > (P * p b ~ water * pH).
The M90 and M50 percentile ranges from Fig. 2 are shown as relative spreads (RS90 and RS50) in Fig. 3 . The analogous method of moments CV (%) is also shown for comparison. For example, the average pH spread for the different sample sizes and experiments was: pH RS 9o « 10%, pH RS 5o * 3.5%, andpHcv « 2.5%. Comparison of the BW plots in Fig. 2 with the relative spread data in Fig.  3 provides additional insight, especially when one or more values in Fig. 3 2 ). The effect of an experimental data set with comparatively low sample means producing comparatively high RS90 and CV values may also be seen with P in Exp. 3 and NO 3 -N in Exp. 4. The RS90 data in Fig. 3 may appear to fluctuate independently of sample size, due in part to the necessity of plotting large data points relative to the ordinate scale. But inspection of the data reveals experiment-specific tendencies for decreasing RS90 values with increasing sample size for several soil parameters. Water, p b , and P in Exp. 3 and 4 generally showed declining RS90 values from sizes A to C; and NO 3 -N in Exp. 1 to 3 had decreasing RS90 values from size A to B then decreasing again from sizes D to F. Changes in RS50 values were generally unrelated to sample size, except for P in Exp. 3 where sizes A and B were about 25% greater than sizes C through F.
The CV values, which correspond to a relative spread of 68% (RS68) for Gaussian distributions, were somewhat smaller than the RS50 values of the weakly skewed parameters. The more skewed the data set, the more the CV values exceeded the RS50 values (see as an extreme example the denitrification rate data). The CV for NOa-N has an intermediate response, with more outliers in the highly skewed Exp. 4 data set being evident (compare the NO 3 -N distributions of the CV and RS90 values in Fig. 3) .
Ratios of RS90/RS50, calculated as an indicator of relative skewness, are printed on the RS50 plots of Fig. 3 for the slightly skewed soil parameters (pH, water, p b , and P) to 3.5 for the moderately skewed NO3-N, and 10 for the highly skewed denitrification rates. For comparison, the corresponding ratio of Student's t values (to.i/to.s) for Gaussian distributions is 2.5.
Sample Means
An overview of sample size effects on significantly different sample means in terms of Land's (1971) upper and lower 5% confidence limits is plotted as 90% confidence windows in Fig. 4 . A characteristic of this exact method of calculating confidence limits for lognormally distributed data is the asymmetrical distribution of the intervals about the mean (see for example the plots of denitrification rates). Soil pH, water, and pb consistently had near-Gaussian distributions (Fig. 2) with CVs generally <10% (Fig. 2) and correspondingly narrow 90% confidence windows (Fig. 4) . In all four experiments, the water content of size A was somewhat lower than that of the larger sizes, and significantly lower in Exp. 1 and 4. The Pb measurements with size A (and size B in Exp. 2) also gave values that were significantly lower than one or more of the larger sample sizes. Phosphorus concentrations exhibited little variation between experiments, as shown by the changes in 90% confidence windows (Fig.  4) , though the relative spreads ( In Exp. 2 and 3, there were trends of incrementally changing means for NO3-N (Fig. 4) . However, the only significant difference due to sample size occurred with size A in Exp. 2. The 90% confidence windows for denitrification rates generally increased with increasing sample size (Fig. 4) , resulting hi sample size A being significantly smaller than one or more of the larger sizes in all four experiments.
Isotropic semivariograms are not presented because only a weak spatial structure for the different sample sizes was observed, perhaps due to the small number of observations for geostatistical analysis. Statistical information not presented here (tables containing the mean, geometric mean, variance, and semivariance information for each soil parameter) are available on request.
DISCUSSION
Goodness-of-Fit
The mass of soil collected hi the 20 by 30 cm soil blocks (size F) represented >90% of the total mass of soil collected hi each experiment (Table 2) . Thus, soil measurements from sample size F provided the best estimates of the population parameters. Since sample sizes A to E came from within size F, any apparent population differences (Table 3 ) due to sample size was probably an indicator of small-scale variability or "patchiness" of the variables. Such small-scale variability may result from natural causes (e.g., plant root activity, microbial activity associated with localized organic materials, etc.) or from induced causes (e.g., wheel tracks, fertilizer placement, etc.)-The two-sample KolmogorovSmirnov goodness-of-fit test showed that all of the soil measurements had some of this small-scale variability, suggesting that the smaller sample sizes often came from different populations. In the presence of such small-scale variability, collecting samples of size B or larger would increase the chance of obtaining good population estimates.
Exploratory Data Analysis
Initial exploratory data analysis using BW plots, and the related RS90 and RS50 plots, provided a convenient and informative method of comparing many experimental data sets with different frequency distributions. The effect of sample size on the sample measures of location (mean and median) and spread varied with the soil parameter and the particular sampling event (experiment). These data suggest that the specific effect of sample size on sample location and spread is integrally related to the specific soil parameter, which may mask the direct effect of sample size. For example, due to the patches of higher denitrifying activity that can occur in surface soils (Parkin, 1987) , the larger sample sizes increased the chance of collecting an active denitrifying spot, resulting in increasing sample means and positive skewness with increasing sample size. The time of year also affected sample location and spread for NOs-N and denitrification, with Exp. 4 having magnitudes and spreads different from the earlier experiments. The two smaller sizes for p b seemed especially prone to sporadic low readings. Thus, the soil parameter being measured and the soilsite conditions should be considered when choosing an appropriate size of soil sampling tool.
Sample Means and Confidence Intervals
As the size of the soil samples increased, it was expected that the sample variability would decrease systematically. But, except for denitrification, no clear relationship of sample size to the 90% confidence windows (Fig. 4) was observed. The generally increasing spread of the denitrification rates with increasing sample size is probably due to the small-scale variability noted above. Thus the smaller sample sizes miss such small patches more often than the larger sample sizes, giving low measures of sample variability. This may also be the case for NO 3 -N in Exp. 2, with size A having low mean and variability.
In contrast to the standard method of a 7.6-cm-diam. core for measuring p b , the lack of significant pb differences (nonoverlapping confidence intervals) for sample sizes C, D, and E was unexpected. Some soil compression ahead of the cutting tip was observed in the smaller sampling tubes, which probably contributed to the significantly lower values for the two smaller sizes of p b .
The effect of small sample size on soil water content observed with the BW plots is most readily apparent in Exp. 1, with sizes A and B being significantly smaller than sizes C through F. Comparison of the two outlier means and confidence windows (size C in Exp. 2 and size D in Exp. 4) with the corresponding BW plots (Fig. 2) gives an indication of the range of observations contributing to the Fig. 4 values. The seemingly irregular pattern of the mean and 90% confidence windows for pH in Exp. 2 results from two sizes (B and E) having many low measurements (see Fig. 2 ). The 90% confidence window was only about 0.05 pH units, which approached the sensitivity of the pH meters.
SUMMARY
This study evaluated the influence of various soil sample sizes on the distribution of six soil parameters at four times during the spring and early summer. Soil parameters driven by intense short-term microbial activity (denitrification rates) were most variable, had nonGaussian distributions, and were most influenced by sample size with large samples required to accurately account for the large small-scale variability. Soil parameters affected by fertilizer practices and microbial plant activity (NOs-N) also had non-Gaussian distributions but were less influenced by sample size. Soil parameters driven by physical processes (water content and p b ) exhibited low variability, had approximately Gaussian distributions, and were not greatly affected by sample sizes >3 cm in diameter. Soil parameters that are chemically driven (pH and available P) exhibited lower variability, approximately Gaussian distributions, and were not greatly affected by sample size.
It was not possible to choose a single sample size that was optimal for all the above soil parameters, due to the fundamentally different soil processes driving the various parameters measured. However, from the above investigation we can state that the following sample diameters are suitable for the conditions of this study: > 5 cm for denitrification rates, > 3 cm for water content and pb, and >2 cm for NO 3 -N, pH, and orthophosphate P. Researchers interested in clearly defining the relation between sample size and soil parameters should examine several size options on representative soils of their region in order to precisely define the sample size vs. soil parameter relation for their specific conditions.
